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A wavelike solution for the non-relativistic universal dark matter (wave-DM) is rapidly gaining
interest, following distinctive predictions of pioneering simulations of cosmic structure as an inter-
ference pattern of coherently oscillating bosons. A prominent solitonic standing wave is predicted at
the center of every galaxy, representing the ground state, that has been identified with the wide, kpc
scale dark cores of common dwarf-spheroidal galaxies, providing a boson mass of, ≃ 10−22 eV. A
denser soliton is predicted for Milky Way sized galaxies where momentum is higher, so the de Broglie
scale of the soliton is smaller, ≃ 100 pc, of mass ≃ 109M⊙. Here we show the central motion of
bulge stars in the Milky Way implies the presence of such a dark core, where the velocity dispersion
rises inversely with radius to a maximum of ≃ 130 km/s, corresponding to an excess central mass of
≃ 1.5×109M⊙ within ≃ 100 pc, favouring a boson mass of ≃ 10
−22 eV. This quantitative agreement
with such a unique and distinctive prediction is therefore strong evidence for a light bosonic solution
to the long standing Dark Matter puzzle, such as the axions generic in String Theory.
PACS numbers: 03.75.Lm, 95.35.+d, 98.56.Wm, 98.62.Gq
INTRODUCTION
The nature of the Dark Matter (DM) is understood
to require new physics, as baryonic matter described by
standard particle physics is found to contribute only 17%
of the cosmic mass density [1, 2]. We know DM is non-
relativistic, to the earliest limits of observation, other-
wise the Cosmic Microwave Background (CMB) and the
large scale distribution of galaxies would be featureless
on small scales. In addition, collisions between galaxy
clusters show no detectable self-interaction other than
gravity [3, 4]. However, the composition of this collision-
less, “Cold Dark Matter” (CDM) is unclear, particularly
with the continued laboratory absence of any new heavy
particles to stringent limits [5].
Furthermore, predictions of CDM are problematic on
small scales, < 10 kpc, in relation to low mass galax-
ies. An interesting alternative to CDM is dark mat-
ter composed of an extremely light boson (m ∼ 10−22
eV), sometimes called Fuzzy Dark Matter (FDM)[13].
Since de Broglie wavelength of these light bosons is of
order λdB ∼ 1 kpc, the physics differs fundamentally
from CDM on scales below λdB . The uncertainty prin-
ciple means bosons cannot be confined within this de
Broglie scale, naturally suppressing dwarf galaxy forma-
tion below 1010M⊙. So the question arises, what re-
places the cuspy inner profile of CDM within 10 kpc?
It turns out that there is a rich, unforeseen granular
sub-structure on the de-Broglie scale, as revealed by
the simulations [14], with qualitative [15] and quanti-
tative support [16] by subsequent independent simula-
tions. As a wavelike Bose-Einstein condensate, the sim-
ulations [14, 17] that evolve the coupled Schro¨rdinger-
Poisson equations [12], under the simplest assumption
of negligible self-interaction other than gravity, produce
halos with a central core that is a stationary, minimum-
energy solution, sometimes called a soliton, surrounded
by a granular envelope resembling a CDM halo when av-
eraged azimuthally [14, 17]. With the boson mass as the
only free parameter, the soliton solution has a scaling
symmetry, thus forming a one parameter family of solu-
tions. We shall refer to FDM with this one-parameter
solitonic core as wave-DM or “ψDM”.
The most distinctive feature of wave-DM is the forma-
tion of one prominent solitonic wave at the base of every
virialised potential [14, 17, 18], representing the ground
state, where self gravity of the condensate is matched by
effective pressure from the uncertainty principle. The
solitons found in the simulations have flat cored den-
sity profiles that accurately match the known time in-
dependent solution of the Schro¨dinger-Poisson equation
[14, 17], for which the soliton mass scales inversely with
its radius [19]. A boson mass of ∼ 10−22eV has been de-
rived in this context, corresponding to a solitonic core of
1 kpc of mass 108M⊙, by matching the phase space distri-
bution of stars within the well studied Fornax galaxy [14],
representing the most common class of dwarf spheroidal
galaxies for which dark matter dominates over stellar
2mass. Furthermore, the relatively weak dynamical fric-
tion of wave-DM, compared to CDM, can help to account
for the otherwise puzzling presence today of ancient glob-
ular clusters at large radius in this Fornax galaxy [20].
A denser solitonic core is predicted for wave-DM in more
massive galaxies, like the Milky Way, using a scaling re-
lation derived from the simulations between the mass
of soliton and its host virial mass, msoliton ≃ m
1/3
virial
[14, 16–18] so that a soliton mass of ≃ 109M⊙ has been
predicted for the Milky Way, with a radius of 100 pc
[14]. Here we explore the central dynamics of giant stars
in the Milky Way that have increasing numbers of accu-
rate velocities from which it has been possible to derive
usefully accurate velocity dispersion profiles within a few
degrees from the center of the Galaxy, as a function of
both Galactic Latitude and Longitude.
Theoretical motivation for such light bosons is clearly
provided by the axions generic in String Theory [21–23],
with the likely possibility of a very wide ranging discrete
mass spectrum for the dark matter, limited by black hole
physics [24], which empirically we may conclude is dom-
inated by the universal dark matter on a scale of 10−22
eV, with the possibility of other less significant contribu-
tions accounting for claimed dark cores of globular clus-
ters [25].
BULGE STELLAR DYNAMICS AND WAVE-DM
The dynamics of stars and gas clouds in the in the
Milky Way’s bulge has been recently investigated in [26–
28]. Such studies have pointed out the complexity of the
dynamics of the different components constituting the
bulge. Red Clump (RC) stars have been using to map the
bulge. Specifically, Zoccali et al. (2014) [28] uses spectra
of ∼ 5000 RC stars, which were collected by the Giraffe
Inner Bulge Survey at the ESO-VLT with the spectro-
graph FLAMES, to derive radial velocity, metallicities
and dispersion velocities. Recently, Portail et al (2017)
[27] have investigated a combination of data from VVV,
UKIDSS and 2MASS infrared surveys together with kine-
matics data from the BRAVA and OGLE surveys to re-
construct the velocity field in the Milky Way’s bulge in
the whole bulge area |l| < 10◦ and −10◦ < b < +5◦.
To construct a model of the inner dispersion velocity,
we start with the known components: the central super-
massive black hole, the bulge, the disk and the wave-DM
halo. The supermassive black hole represents the less im-
portant component of the whole galaxy, since it affects
stars orbiting within a few parsecs where the gravita-
tional potential, ΦBH , is usually assumed to be gener-
ated by a point-like mass MBH = (4.5 ± 0.6) × 10
6M⊙
[29].
The wave-DM halo is modelled following the ψDM
simulation results of [14, 17] which comprises a solitonic
standing wave core in the central region, surrounded by
an extended Dark Matter halo showing density fluctua-
tions on the de-Broglie scale. The density profile of the
soliton is well approximated by:
ρc(r) ∼
1.9 (mb/10
−23 eV)−2(rc/kpc)
−4
[1 + 9.1× 10−2(r/rc)2]8
M⊙pc
−3. (1)
where mb is the boson mass and rc is the core ra-
dius of the solitonic solution scaling with the boson mass
and the total halo mass as ∝ m−1b M
−1/3
halo [14, 17], where
for the Milky Way MMWhalo = 2 × 10
12M⊙ [27]. While,
when azimuthally averaged, it is indistinguishable from
the Navarro-Frank-White (NFW) density profile that is
known to account well for the main dark matter profile
derived for our galaxy, so the gravitational potential gen-
erated by DM halo density distribution is:
dΦDM (r) = G
MDM (r)
r2
dr , (2)
using as boundary condition ΦB(∞) = 0, and computing
the mass as
MDM (r) = 4pi
∫ r
0
x2ρc(x)dx . (3)
The bulge is the inner region of the galaxy having, typ-
ically, a scale radius of rb ∼ 500 pc and we have modelled
its density profile following [27] as:
ρb = ρb,0e
− r
rb , (4)
where ρb,0 is computed to match the total mass of the
bulge given in Table 2 of from [34] resulting in ρb,0 =
14.27M⊙pc
−3. To this dominant bulge we also allow for
capture of central stars by the soliton, as to be self consis-
tent we should expect this possibility at some level in the
presence of a solitonic core [30, 31] and so we introduce
an additional Plummer distribution for these possible in-
ner stars with a scale radius rp ∼ 150 pc is approximately
matched to the mean soliton core considered in this anal-
ysis:
ρp =
ρp,0(
1 + r
2
r2p
)5/2 , (5)
where ρp,0 is computed so that the densities of the
Plummer sphere and the bulge match at r ∼ 15 kpc, re-
sulting in ρp,0 = 0.05M⊙pc
−3. Such a simple spherical
model of a inner bulge and an outer bulge can provide
a baseline for a more complex model, where the outer
bulge is triaxial producing x-shape orbits beyond 500 pc
by simulations. When comparing our results with the
data we do so with and without the addition of this cen-
tral stellar component so the relative significance can be
assessed.
3The galactic disk is usually described with an ex-
ponential disk [32] with central surface mass density
Σ0 = 8.44 × 10
2M⊙pc
−2, and the scale length Rd = 3.5
kpc [33, 35]. Finally, the corresponding gravitational po-
tential in the plane of the disk (z = 0) is indicated as
Φ(R) ≡ Φ(R, z = 0).
Once the components are specified, the total gravita-
tional potential is
Φ(r) = ΦBH(r) + ΦB(r) + Φdisk(R) + ΦDM (r) . (6)
In practice, for all solutions in boson mass range of inter-
est, the only significant contributions to this integrated
inner potential within the 500 pc region of interest here
are the bulge and soliton, with an additional small con-
tribution from the Plummer component within 100 pc.
Therefore, we drop the disk potential in our calculations.
Thus, one can obtain the dispersion velocity integrating
the spherical Jeans equation:
d(ρ∗(r)σ
2
r (r))
dr
= −ρ∗(r)
Φ(r)
r
− 2β
ρ∗(r)σ
2
r (r)
r
, (7)
where ρ∗(r) is the tracer RC star density, and Φ(r) is the
total gravitational potential generated by the enclosed
mass. The observed RC stars are assumed to be pro-
portional to the density profile of this combination of
bulge plus inner Plummer profile and are used as the
tracer component for the Jeans equation as this assump-
tion should be a good first approximation.
The anisotropy parameter β characterizes the orbital
structure of the halo, and it is defined as ([32], Equation
(4.61))
β = 1−
σ2φ + σ
2
θ
2σ2r
, (8)
which is zero for an isotropic system. This is a good ap-
proximation for the region of interest. As stars traveling
from outside do not necessarily cross r = 0, the star ve-
locities must appear isotropic near the center. Moreover,
measurements of bulge stars dynamics find β ∼ 0 out to
∼ 15 kpc [36], while showing a break at ∼ 20kpc [37, 38]).
Finally, to directly compare the dispersion velocity with
the data, we project the velocity dispersion along the line
of sight as follows
σ2los(R) =
∫∞
R σ
2
r (r)ρ∗(r)(r
2 −R2)−1/2rdr∫∞
R ρ∗(r)(r
2 −R2)−1/2rdr
. (9)
RESULTS
We compute the dispersion velocity projected along
the line of sight from a system composed by a central
black hole, a bulge, and a ψDM halo (with the DM profile
given by the Eq. (1)). Then, we solve the Jeans equation
for different values of the boson mass in the range [6 −
14]× 10−23 eV.
In Fig. 1 we compare the dispersion velocity profile as
function of longitude, as predicted from our model, with
the data from Zoccali et al. 2014 [28]. Solid lines depict
the predictions of a model which account for the Plum-
mer density profile of a denser star population, while the
dashed lines do not. Different colors mean different bo-
son masses and, therefore, different soliton masses, as
indicated in the figure: Mb,9, Mpl,9 and Msol,9 mean the
total mass of the Bulge, of the Plummer sphere, and of
the solitonic core in units of 109M⊙ and computed at 500
pc, while mb,23 means the boson mass in units of 10
−23
eV. The dotted magenta line represents the baseline pre-
dicted model for the NFW DM halo plus the bulge. No-
tice that the Plummer component of bulge stars does
influence the best fit by mildly reducing the expected
central dispersion, after normalization, but does not af-
fect the need for significant additional unseen mass.
FIG. 1: Predicted dispersion velocity as function of Galactic
longitude for a fixed latitude b = −4◦ calculated for different
values of the boson mass mb (solid curves) which correspond
different values of the soliton mass and the dashed curves
show the same model without the addition of the relatively
small contribution of central stars following Plummer density
distribution for stars. We also show our baseline model where
the soliton is absent shown as the dotted magenta line, which
falls well below the central data, demonstrating the need for
unseen additional central matter.
In Fig. 2 we shows the predicted dispersion velocity
profile as function of latitude, and compare it with the
data from Portail et al. 2017 [27]. Lines and colors fol-
low the same labelling of Fig. 1. Again our baseline
model (dotted magenta curve), with no soliton, under-
predicts the central values of the velocity dispersion and
is in good agreement with the independent prediction of
Portail et al. (2017) [27] (dash-dotted blue curve), who
also conclude the need for significant additional mass.
For both of these independent data sets we see the
need for additional central mass, which is unseen and
4FIG. 2: Predicted dispersion velocity as function of Galactic
latitude for a fixed longitude l = 0◦. Lines and colors follow
the same labelling as in Fig. 1. Again our baseline model
(dotted magenta curve), with no soliton, underpredicts the
central values of the velocity dispersion, betraying the pres-
ence of significant additional mass.
in excess of the visible bulge by 1.5 × 109M⊙, favouring
mb = 8 × 10
−23 eV. This conclusion is quantitatively in
good agreement with the careful dynamical modelling by
Portail et al. 2017 [27]. Clearly the combination of the
gravitational contributions of bulge, disk and NFW DM
halo, are not enough to reproduce the observed disper-
sion velocity in the inner part of the Milky Way. The
amount of additional matter differs a little from that de-
rived from Portail who reconcile the difference adding a
compact mass of the order of 109M⊙, whereas our soli-
ton component is extended over ≃ 100pc, depending on
the associated boson mass, which acts as a point mass to
a good approximation as the vast majority of the tracer
RC stars lie outside the this 100 pc radius, following the
observed bulge scale length of 500 pc. Note that the
known net rotation of the bulge has no bearing on our
estimate of the velocity dispersion for the spherical Jeans
equation. What may be significant is the possibly com-
pression of the soliton by the surrounding potential of
the bulge mass, which may lead to a higher bulge mass
for a given boson mass, as more wave-DM is forced to
relax into the ground state comprising the soliton by up
to a factor of ≃ 2 in the exploration of this gravitational
coupling by Chan et al 2018 [45]. However, this possible
enhancement in density leaves the product of the soli-
ton mass and radius unchanged as the inverse scaling of
mass with radius is guaranteed by the soliton solution,
but the corresponding boson mass is raised somewhat
above value of 8 × 10−23 eV of the red curve that fits
best in Figures 1& 2, as the soliton mass is enhanced
and the radius compressed somewhat.
DISCUSSIONS AND CONCLUSIONS
The deep spectroscopic measurements of the extincted
central bulge stars have provided a surprisingly large ve-
locity dispersions rising to 130km/s, well above the base-
line bulge contribution ≃ 80km/s. We have shown that
this excess can be accounted for by the a central dark
mass predicted by Schive et al. (2014) in their pioneer-
ing ψDM simulations of wave-DM [14, 17], that reveal
a rich interference pattern on the de Broglie scale with
a prominent standing, soliton wave expected at the cen-
ter of every halo. The scale of this core for the Milky
Way has been predicted by Schive et al. (2014) [14], to
be ∼ 100 pc, with a mass of ≃ 109M⊙, based firmly on
the derived soliton scale for the large core of the Fornax
dwarf spheroidal galaxy, which provided the associated
boson mass for this model.
This is a vulnerable prediction unique to wave-DM that
requires a new massive and large central mass component
in the Milky Way. Nevertheless it would appear from our
analysis that such a dark object is viably present at the
center of the Galaxy, helping to explain the excessive
central velocity dispersion of bulge stars observed. The
affect of this central mass manifests itself very simply in
the data as an essentially Keplerian decline in the velocity
central few 100 pc region because the bulge stars that feel
this excess mass is mostly lying at radii exceeding this 100
pc radius, and hence sensitive simply to a fixed interior
mass, that generates therefore as 1/r decline, as is evident
in the data. Furthermore, this result is in good agreement
with the careful numerical modelling of the central bulge
dynamics by Portail et al. (2017) [27], who construct
a fully dynamical model of the bulge and find the need
for a similar additional, compact mass of ≃ 2 × 109M⊙,
in good agreement with our conclusion, both in terms of
the amount of mass and the need for a relatively compact
object.
Independently, large central velocities of ≃ 100 km/s
on a scale of ≃ 100 pc have also been made on the basis
of orbiting streams of gas around the center of the Milky
Way [39–41] with a tentative light disk of stars with lin-
early rising rotation reaching≃ 100 km/s at a limit of 100
pc, [26]. There is also the real possibility that a central
Milky Way soliton may be directly detected from Comp-
ton oscillations of the bosonic scalar field [42] that induce
a General Relativistic time modulation of clocks with a
cyclical modulation amplitude of ≃ 200 ns on a timescale
of months [43, 44], and may be detected by SKA which
has the sensitivity to identify suitable millisecond pulsars
within the central soliton radius of the Milky Way, where
the oscillation amplitude is strongest. Hence, we can
look forward to increasingly illuminating data for testing
this unique soliton signature of wave-DM, with the ca-
pability to provide definitive evidence for a light bosonic
solution to the long standing Dark Matter puzzle.
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